To determine the effects of dronabinol on quantitative electroencephalogram (EEG) markers of the sleep process, including power distribution and ultradian cycling in 15 patients with obstructive sleep apnea (OSA). Methods: EEG (C4-A1) relative power (% total) in the delta, theta, alpha, and sigma bands was quantifi ed by fast Fourier transformation (FFT) over 28-second intervals. An activation ratio (AR = [alpha + sigma] / [delta + theta]) also was computed for each interval. To assess ultradian rhythms, the best-fi tting cosine wave was determined for AR and each frequency band in each polysomnogram (PSG). Results: Fifteen subjects were included in the analysis. Dronabinol was associated with signifi cantly increased theta power (p = 0.002). During the fi rst half of the night, dronabinol decreased sigma power (p = 0.03) and AR (p = 0.03), and increased theta power (p = 0.0006). At increasing dronabinol doses, ultradian rhythms accounted for a greater fraction of EEG power variance in the delta band (p = 0.04) and AR (p = 0.03). Females had higher amplitude ultradian rhythms than males (theta: p = 0.01; sigma: p = 0.01). Decreasing AHI was associated with increasing ultradian rhythm amplitudes (sigma: p < 0.001; AR: p = 0.02). At the end of treatment, lower relative power in the theta band (p = 0.02) and lower AHI (p = 0.05) correlated with a greater decrease in sleepiness from baseline. Conclusions: This exploratory study demonstrates that in individuals with OSA, dronabinol treatment may yield a shift in EEG power toward delta and theta frequencies and a strengthening of ultradian rhythms in the sleep EEG. of dronabinol on quantitative electroencephalogram (qEEG) measures of sleep in obstructive sleep apnea syndrome.
OSA and is not directly assessed by sleep stage distributions, sleep bout durations, arousal indexes, sleep stage transition frequencies, and similar statistics. Such disruption may play a role in the excessive daytime sleepiness seen in people with OSA. Effects of cannabinoid drugs on ultradian rhythms during sleep have not been systematically studied.
The aims of the present study were to quantify the effects of dronabinol on EEG power distributions and ultradian cycling of EEG power in subjects with OSA.
METHODS
Details of the underlying proof of concept trial have been published previously, 3 and are summarized here.
S C I E N T I F I C I N V E S T I G A T I O N S
O bstructive sleep apnea (OSA) is associated with increased sleep fragmentation, decreased sleep effi ciency and reduced slow wave sleep. 1, 2 These changes in the sleep process undermine sleep quality and are hypothesized to be an important source of excessive daytime sleepiness, the dominant symptom of OSA. Still, despite decades of investigation, the mechanisms linking sleep, disordered breathing, daytime sleepiness, and cognitive dysfunction in OSA remain poorly defi ned. This knowledge gap has hindered efforts to develop effective OSA drug treatments. We previously demonstrated that oral dronabinol decreased apnea hypopnea index (AHI) in subjects with OSA. 3 Interestingly, although overall sleep stage percentages did not change with treatment, daytime sleepiness decreased signifi cantly. Here, we hypothesized that simple sleep stage distributions may be insensitive to important aspects of sleep architecture contributing to improved alertness with dronabinol treatment. In comparison to visually assigned sleep stages, quantitative changes in EEG power spectra may provide more sensitive markers of sleep depth, structure, and continuity. Further, cannabinoid drugs such as dronabinol have been shown to alter EEG power spectra both in animals and humans. 4, 5 Ultradian cycling between light and deep sleep and between NREM and REM sleep is another highly characteristic component of normal sleep that can be disrupted in subjects with
Subjects
Seventeen adults (ages 21 to 64 years) with moderate to severe OSA (AHI ≥ 15) were enrolled. Individuals working night or rotating shifts, taking medications with known effects on sleep architecture, with clinically significant and uncontrolled or progressive medical comorbidity or any other primary sleep disorder were excluded. Individuals treated by positive airway pressure discontinued treatment ≥ 7 days prior to enrolling in the study. Two of the 17 subjects initially enrolled discontinued prior to completing the study and were not included in the analysis. Table 1 summarizes baseline characteristics for the 15 subjects included in the present analysis.
Dose Escalation Protocol
Following a baseline overnight polysomnogram (PSG), which also served as the final screening to document OSA severity, subjects were started on oral dronabinol, 2.5 mg/ day 30 min before bedtime, for 1 week. If this dose was welltolerated, the dose was increased to 5 mg/day during week 2, and again as tolerated to 10 mg/day during week 3. Repeat PSGs were performed at the end of each treatment week. As outlined in Table 2 , a total of 8 subjects were fully escalated and received 10 mg/day dronabinol during the third treatment week. One PSG was technically inadequate at this dose and was not included in the analysis. Five subjects maintained 5 mg/ day dronabinol during the final treatment week, and 2 subjects remained at a dose of 2.5 mg/day throughout. There were no statistically significant differences in baseline characteristics, reported in Table 1 , between those subjects that escalated fully and those that did not tolerate escalation.
Power Spectrum Analysis
Polysomnographic data were sampled (256/s) and stored to disk using Alice 5 hardware (Philips Respironics). Fast Fourier transformation (FFT) was applied to contiguous 4-s segments, and periodograms from 7 successive segments were averaged to obtain relative power (% total power) once every 28 s for the delta (≥ 0.5 to 3.5 Hz), theta (> 3.5 to 8 Hz), alpha (> 8 to 12 Hz), and sigma (> 12 to 16 Hz) frequency bands of the central (C4-A1) electroencephalogram (EEG). To determine the balance of high versus low frequency activity in the EEG power spectrum, an activation ratio (AR) was computed as the sum of alpha + sigma power divided by the sum of delta + theta power for each 28-s epoch. Determinations of band definitions and widths, electrode derivations and formation of AR were all fixed prior to data analysis based on common practice reported in the literature. The means and standard deviations of each band and the AR were computed over the entire night and separately for the first and second 4-h recording intervals. Within subjects ANOVA was conducted to determine the effects of treatment dose on relative power in each band as well as on the AR.
Ultradian Analysis
We also investigated the effect of dronabinol on the ultradian structure of EEG power. For this purpose, the best-fitting cosine wave was determined for each frequency band and the AR in each PSG recording. Because the period of any underlying biological ultradian rhythm could not be known in advance and may have differed between individuals and across dronabinol doses, for each PSG recording we successively fitted cosines with periods ranging from 60 to 150 min in 6-min increments by least-squares regression. In each case the cosine with the highest Pearson product-moment correlation coefficient was selected as the best overall fit. Regression analyses were performed to determine the effects of AHI, dose, weight, age, and gender on each parameter (amplitude, period, phase, and R 2 ) of the bestfitting cosine wave for the AR and each EEG band.
In order to determine the sensitivity of this approach to meaningfully estimate the underlying period of the biological rhythm, we performed a sensitivity analysis. As shown in Figure 1 , with respect to the "best fit" cosine wave, shifting the period by 6 min resulted in an average decrease of R 2 ≥ 20%, suggesting that the regression procedure realistically identified a meaningful best fit, even when the correlation coefficient was low. In fact, paired t-tests demonstrated statistically significant differences (p < 0.0005) in R 2 between the best fit cosine and cosines with periods ± 6 minutes (Figure 1 ).
RESULTS

Power Spectrum Analysis
As depicted in Figure 2 , within subjects ANOVA revealed significant differences among doses for AR (p = 0.03) in the first 4 h of the night. Figure 3 demonstrates that this effect was driven primarily by dose dependent changes in theta (p = 0.0006) and sigma (p = 0.03) power. The dose-dependent effect remained significant for the full 8-h period for relative theta power (p = 0.002). Similar trends were seen for the full 8-h period for AR and relative sigma power, but these did not reach statistical significance ( Table 3) . Figure 4 provides an illustration of ultradian fluctuations in AR for a single subject at dronabinol doses of 0 mg (baseline recording) and 10 mg per day. Characteristics for the parameters of ultradian rhythm for each frequency band and the AR are summarized in Table 4 . Consistent with Figure 4 , the group-wise data show that as the dronabinol dose increased, ultradian fluctuations accounted for an increasing fraction of the overall variance in the AR (p = 0.03). Table 5 shows correlation coefficients between best-fit ultradian cosine parameters (R 2 , phase, period, and amplitude) and potential explanatory variables including AHI, dose, weight, age, and gender. At increasing dronabinol doses, ultradian rhythms accounted for a higher fraction of total variance in the delta (p = 0.04), alpha (p = 0.06), and sigma (p = 0.07) bands and, as previously noted, the AR (p = 0.03). Females had higher amplitude ultradian rhythms than males in Per represents the best fit (highest R 2 ) period for each individual recording. On average, the Pearson correlation coefficient decreased by more than 20% when period was decreased (Per-1) or increased (Per+1) by just 6 minutes from the optimal fit. *p < 0.0005 with respect to best fit period. the theta (p = 0.01) and sigma (p = 0.01) bands. Decreasing AHI was associated with increasing amplitude of ultradian rhythms in the sigma frequency band (p < 0.001) and the AR (p = 0.02). In view of the exploratory nature of this analysis, p-values reported in Table 5 were not corrected for multiple comparisons. Table 6 reports the effects of dronabinol on sleep architecture, based on sleep stage analysis using 30-s epochs. There were no statistically significant changes in the expression of stages 1, 2, slow wave (SWS; stage 3 + stage 4), or REM as a percentage of total sleep time. Similarly, the mean bout durations for stage 1, SWS, and REM remained unchanged, suggesting that sleep fragmentation was not improved by dronabinol. In fact, the mean bout duration for stage 2 was decreased slightly by dronabinol.
Ultradian Analysis
Sleep Stage Analysis
DISCUSSION
This exploratory study demonstrates effects of dronabinol on quantitative EEG measures of the sleep process in patients with obstructive sleep apnea and suggests possible mechanisms by which dronabinol reduces daytime sleepiness in this population. Specifically, increasing doses of dronabinol were associated with a shift in EEG power toward delta and theta frequencies and strengthening of ultradian rhythms in the sleep EEG. This suggests that oral dronabinol may have improved restorative aspects of the sleep process, contributing to the observed decrease in daytime sleepiness, despite the absence of changes in overall sleep stage percentages or sleep efficiency. 3 Previous investigations have reported a wide variety of cannabinoid effects on sleep architecture in humans. The most consistent finding is a decrease of REM sleep following cannabinoid administration. [6] [7] [8] Some studies report increased stage 2 sleep with decreased stage 4 sleep, 9, 10 while others report an increase in stage 4 sleep. 11 These inconsistent findings may reflect differences in agents, formulations, routes of administration, concentrations, durations of exposure, ages, populations studied, and other factors. As previously reported and shown in Table 6 , we observed no significant changes in overall sleep stage distribution associated with dronabinol administration at Figure 3-Dose dependent decrease in sigma band relative (% total) power (p = 0.03) and increase in theta band relative power (p = 0.0006) doses up to 10 mg/day in our subjects with OSA. 3 Table 6 also illustrates that the mean bout durations for SWS and REM sleep were not increased by dronabinol, suggesting that sleep fragmentation, as measured by sleep stage analysis, was not improved. The present analysis revealed, however, that oral dronabinol shifted EEG power toward lower frequencies, reducing the AR (Figures 2, 3 ; Table 3 ). Although cannabinoids have been shown to affect sleep EEG power distributions in both animals 4, 12, 13 and healthy humans, 5,14 the previously reported effects on theta and sigma band power are inconsistent, and the doses employed were typically higher than in the present study. This is the first report to define the possible impact of oral dronabinol on sleep EEG power distribution in individuals with OSA.
The observed effects were more apparent during the first half of the night after oral administration of dronabinol. A statistically significant decrease in relative sigma power with a concomitant increase in relative theta power was evident during the first 4.5 hours after oral dronabinol dosing. These effects remained statistically significant for relative theta power but were less evident and not statistically significant for relative sigma power when considering the full 8-hour PSG recording period. This temporal pattern could be expected based on the pharmacokinetics of the drug, as the first-compartment plasma elimination half-life of oral dronabinol is 2 to 3 hours, 15, 16 and with daily dosing, plasma concentrations return to or near to baseline levels within 4 to 5 hours of drug administration. 15, 17 Although the decrease in relative sigma power and increase in relative theta power were small, the change in activation ratio (AR) at the end of treatment was much larger and may have more biological significance, as AR is a more integrative measure of the EEG power distribution. Figure 2 suggests the possibility of a minimum effective dose of dronabinol somewhere between 5 mg/day and 10 mg/ day, for reducing AR. However, Figure 3 illustrates that even 2.5 mg/day of dronabinol exerts a significant effect on EEG power in the theta band. This suggests that the net effects of dronabinol on AR may reflect a more complex set of interactions, and not a simple threshold phenomenon. For example, Figure 3 also depicts that the dose effect of dronabinol on theta and sigma power is not monotonic. This may reflect the fact that dronabinol has multiple and potentially interacting sites of Note that with dronabinol treatment, the ultradian oscillation accounts for a greater fraction of the total variance in AR. action in the central nervous system. Further, the effects of dose and time-on-treatment remain confounded due to the dose escalation study design. In addition, the fact that doses were escalated only in subjects who experienced no ongoing side effects may have introduced a selection bias, such that higher doses were made available only to those subjects who were "less sensitive" to the drug. A similar redistribution of sleep EEG power toward lower frequencies has been reported to accompany institution of continuous positive airway pressure treatment for OSA. 18 In contrast, hypnotic agents exhibit varying effects on sleep EEG. For example, zolpidem suppresses theta and slow-alpha activity (5-10 Hz) and enhances sigma activity 19 -effects opposite to those reported here for dronabinol. In contrast, gaboxadol enhances both delta and theta activity, 19 similar to the dronabinol effects we observed. To examine whether the observed shift toward lower frequency EEG power may at least partially account for the decreased sleepiness reported by our subjects with OSA, 3 we performed a correlation analysis between qEEG measures, AHI, and change in sleepiness from baseline to end of treatment, assessed using the 7-point Stanford Sleepiness Scale. Figure 5 illustrates that after 21 days of dronabinol treatment, relative theta power during sleep was positively associated with change in sleepiness from baseline to end of treatment (r = 0.61; p = 0.02). That is, dronabinol increased relative theta power, and those subjects with the highest theta power at the end of treatment showed the least improvement in sleepiness. Indeed, subjects in whom theta represented > 30% of the total EEG power tended to exhibit increased sleepiness at the end of treatment.
Sedation is a well-recognized side of effect of cannabinoid use, 20, 21 and it is possible for this sedation to carry over to the following day. For example, Nicholson et al. reported that healthy subjects experience increased subjective sleepiness the day after evening oral cannabinoid administration. 22 Thus, we anticipated that, acting independently, dronabinol might cause sedation/ sleepiness during the daytime with daily dosing. Conversely, we found that subjects reported decreased daytime sleepiness while taking oral dronabinol. 3 Although not conclusive, these data are consistent with the possibility that the shift toward lower sleep EEG frequencies, and in particular the observed increase of relative theta power, reflects a direct CNS effect of dronabinol, and therefore a potential biomarker of its sedating properties.
As depicted in Figure 6 , AHI at the end of treatment also was significantly related to change in sleepiness (r = 0.54, p < 0.05). In this case, dronabinol treatment consistently decreased AHI, 3 and the lower the AHI at the end of treatment, the more sleepiness improved with treatment. As we have previously reported, 23, 24 the most probable site of dronabinol action for reducing sleep related breathing disorder is cannabinoid receptors in the peripheral nodose ganglia of the vagus nerves. Thus, the balance between potential alerting and sedating effects of dronabinol may reflect a balance between peripheral and central activity of the drug.
To date, there is virtually no literature regarding the effects of cannabinoids on ultradian rhythms in the sleep EEG. These exploratory results are, to the best of our knowledge, the first demonstration that oral dronabinol improves ultradian cycling in subjects with OSA. Further, this effect was dose-dependent, with ultradian rhythms accounting for a greater fraction of total EEG power at higher dronabinol doses. From the present data, we cannot determine whether this reflects a direct effect of the drug, an indirect effect of reducing AHI, 3 or a combination of both effects. It is possible that dronabinol, by decreasing the frequency of sleep state transitions, led to an improvement in ultradian cycling. However this does not appear to have been the case given that dronabinol did not decrease sleep fragmentation assessed by arousal index 3 or sleep bout durations ( Table 6) . It is also possible that the reduction in apneas and hypopneas due to oral dronabinol allowed ultradian cycling to become more evident by reducing an apnea-related masking of ultradian rhythms.
Decreasing AHI was also associated with increasing amplitude of ultradian rhythms ( Table 5 ). This suggests that apneas are not just adding noise to the ultradian rhythms but that apneas are also decreasing the amplitude of ultradian cycling. The potential mechanisms linking disordered breathing events to ultradian rhythm amplitude cannot be determined from the present results. Dronabinol may impact ultradian rhythms by acting directly on sleep homeostatic pathways or indirectly by reducing disordered breathing events. Oral dronabinol may improve breathing stability during sleep by acting peripherally at the nodose ganglia to disinhibit upper airway dilator muscles. 3, 23 Conversely, by decreasing the rapidity or number of state transitions, dronabinol could have improved the stability of sleep and decreased the occurrence of apneas. Again, this does not seem to be a primary mechanism given the lack of evidence for reduced sleep fragmentation at the dronabinol doses tested. At present, there no published reports documenting improved ultradian sleep structure following institution of any form of treatment for OSA, but this should be further investigated in future clinical trials.
Women exhibited higher amplitude ultradian rhythms in all EEG frequency bands, and this achieved statistical significance for the theta and sigma bands ( Table 5 ). Gender effects on sleep EEG have been previously reported, but the observations are mixed. Fukuda et al. reported that middle-aged and elderly females had larger amounts of spectral power in the delta band than males. 25 In contrast, Latta et al. reported that older women have lower delta amplitude than men. 26 In another study, adolescent females had lower delta power than males. 27 These inconsistent results may arise from varying methods of data collection, participant age, or other factors. This exploratory analysis is the first to report a possible gender difference in the amplitude of ultradian rhythms of the sleep EEG in individuals with sleep apnea. This gender difference did not appear to be influenced by dronabinol administration, as dronabinol dose did not influence the amplitude of ultradian rhythms ( Table 5 ).
We also observed that slower ultradian oscillations (longer periods) were associated with increased sleepiness at the end of the 3-week treatment period: delta (r = 0.74, p = 0.003); theta (r = 0.53, p = 0.05); alpha (r = 0.57, p = 0.04); sigma (r = 0.19, p = 0.51); average period (r = 0.70, p = 0.006). The impact of cannabinoids on ultradian periods of the sleep EEG has not been previously studied, and we found no effect of dronabinol on the period in any frequency band. It seems likely, therefore, that the correlation between ultradian period and sleepiness may reflect some combination of underlying biological factors, rather than a drug effect. Indeed, van Hilten et al. reported that prolonged periods in the ultradian rhythm of sleep EEG in patients with myotonic dystrophy correlated with increased daytime sleepiness. 28 It should be noted that the findings of this study and their generalizability are limited by the small sample size. Additionally, subjects followed a dose escalation paradigm in which only 8 of the subjects reached the full dose of 10 mg/ day of dronabinol. Although we cannot rule out the possibility of an important time-on-treatment effect, we were able to identify significant dose effects despite the small sample size. Longer duration, larger clinical studies will be needed to fully delineate both the dose and the time-on-treatment effects of dronabinol in OSA.
In summary, this exploratory study demonstrates that in individuals with OSA, dronabinol treatment yields a shift in EEG power toward delta and theta frequencies and a strengthening of ultradian rhythms in the sleep EEG. In particular, ultradian rhythms became stronger with increasing doses of dronabinol and their amplitudes increased as AHI decreased. These effects suggest that oral dronabinol may have improved restorative aspects of the sleep process, contributing to the observed decrease in daytime sleepiness, despite the absence of changes in overall sleep stage percentages or sleep efficiency previously reported. Larger scale studies will be needed to confirm and elaborate these effects, and to dissect the potentially interacting influences of dose and time-on-treatment.
